. The concept of the pan-genome has been developed to describe the increasing diversity of the gene pool that can be ascribed to one bacterial species as the number of sequenced strains increases 6 . A comparison of two strains, which may belong to highly related lineages within a single species, might reveal that approximately 10-35% of the genome content (typically in the range of 500-1,000 genes) is present in only one of the two strains 7 . The implications of these findings are still permeating the scientific community, but their importance for our way of thinking about prokaryotic microdiversity and evolution is paramount. Is this diversity important for the ecology and environmental adaptation of the different lineages, or is it just the result of junk DNA accumulation that has yet to be pruned by regular sweeps of natural selection? What are the evolutionary forces that preserve this degree of diversity within highly related populations?
The accepted models of bacterial population genetics state that a low phenotypic diversity is expected in asexual (or rarely sexual) microbial populations owing to purges involving fitter mutants, called periodic selection events 8 . This idea originated from classical laboratory experiments of mutational equilibrium in which populations were periodically replaced by new types 9, 10 ; it was later reinforced by epidemiological studies of pathogenic isolates, in which a rise and fall of clonal lineages was found to occur 11, 12 . This process would purge diversity from the population, at least among the cells competing for the same resources. It has been claimed that the same kinds of dynamics are behind the genetic coherence of natural prokaryotic taxonomic units or 'ecotypes' 13, 14 . Ecotypes are defined as "populations that are genetically cohesive and ecologically distinct" 15 . Cohesion is mostly ascribed to "periodic selection events that recurrently purge each ecotype of its genetic diversity" 15 . Divergence can become permanent when a mutation (or recombination) event places an organism into a new ecological niche and establishes a new ecotype 13 . Periodic selection will therefore keep the populations in each ecotype homogeneous and divergent from those in other ecotypes 1 -5 , making these population "the fundamental units of ecology and evolution" 16 , in other words, a stable ecotype.
At present, the existence of natural diversity units (that is, discontinuities in a similarity gradient) in bacteria is widely accepted 14, 16 . However, the origination of such units by regular periodic selection events seems difficult to reconcile with the wide gene content variability that is found among different strains with otherwise high sequence conservation among shared genes (that is, the pan-genome). We know that prokaryotes can easily acquire foreign DNA, and phages and plasmids can be easily transferred between bacteria and the DNA inserted into the chromosome of the new host. In fact, some (or most) periodic selection events could be due to the acquisition of new genes rather than mutation. However, it seems unlikely that the neutral accumulation of a large number of new genes could occur in a clone before it is purged during a clonal sweep, and such a phenomenon might have alternative explanations.
We propose that the main factor that generates diversity, which has been largely overlooked in many previous models, is the role of a crucial ecological factor: the presence of bacteriophages. In nature, prokaryotic cells must deal with a strong predation pressure that is mainly viral in origin, and therefore their fitness is measured not only by their adaptation to the available resources and the physical conditions (the niche) but also by their adaptation to the biotic environment 17 . Protozoan grazing might also contribute 18 but is less pervasive than viral attack 19 .
In almost all ecosystems that have been investigated there are around ten phages for every microbial cell, making phages the most abundant biological entities on the planet 20 . By killing microorganisms, phages greatly influence global biogeochemical cycles, and because phages are species specific they have been predicted to help maintain microbial species diversity 21, 22 . In fact, phages could have a fundamental role as guarantors of the microdiversity that is required to exploit ecological resources efficiently. We propose a new type of dynamics to explain bacterial microdiversity that incorporates phage predation. We begin by systematically describing the content of variable genomic regions among closely related bacterial strains, with the aim of identifying the force that drives microdiversity. We then introduce the constant-diversity (CD) dynamics model to explain the generation and maintenance of microbial diversity in natural ecosystems. We compare its predictions with those of the periodic-selection (PS) model and evaluate the evidence using mathematical modelling, metagenomic data and microbial ecology Abstract | The remarkable differences that have been detected by metagenomics in the genomes of strains of the same bacterial species are difficult to reconcile with the widely accepted paradigm that periodic selection within bacterial populations will regularly purge genomic diversity by clonal replacement. We have found that many of the genes that differ between strains affect regions that are potential phage recognition targets. We therefore propose the constant-diversity dynamics model, in which the diversity of prokaryotic populations is preserved by phage predation. We provide supporting evidence for this model from metagenomics, mathematical analysis and computer simulations. Periodic selection and phage predation dynamics are not mutually exclusive; we compare their predictions to shed light on the ecological circumstances under which each type of dynamics could predominate.
studies. Finally, we reconcile the CD and PS dynamics models on the basis of the ecological features of different environments that would favour either one.
Single-species metagenomics metagenomic approaches have demonstrated the value of comparing the genomes of individual strains with the metagenomes from the environments in which these species are present. Such comparisons have shown that certain genomic regions are underrepresented within any given metagenome and are therefore predicted to be unique to individual isolates [23] [24] [25] [26] [27] [28] [29] . The metagenome represents all lineages within one sample and, if it has enough coverage, it will contain several representatives from the predominant populations. This virtual experiment has been carried out a number of times [24] [25] [26] [27] [28] [29] [30] and has shown that several genomic regions are underrepresented in all of the genomes of one species. These regions, which we refer to as metagenomic islands (mGIs), are predicted to be unique to individual cell types. It is important to note that these mGIs must not be confused with classical genomic islands -that is, regions of unusual DNA composition that are generally obtained by the bacterium through lateral gene transfer and that typically have the hallmarks of mobile DNA elements or recombinatorial hot spots. Nevertheless, some mGIs are obviously of a foreign nature and show extraneous compositional features.
An ideal system for this kind of comparison is an extreme environment that is heavily dominated by only a few species and, thus, has low genetic diversity -for example, a saturated brine that is largely dominated by the halophilic archaeon Haloquadratum walsbyi 24 . When the metagenome of the brine was compared with an already available genome of the strain isolated from the same pond, many genes were extremely divergent, highly rearranged or not found in the metagenome 27 . They included genes that encode cell surface components, such as glycoproteins, and factors involved in glycosylation of surface components 27 (FIG. 1). many of the variable genes are substrate transporters or sensors of two-component regulatory systems. These two features were interpreted to indicate differential adaptation to phage sensitivity and organic carbon degradation. A similar pattern was found when a nearly monospecific metagenome that was dominated by Candidatus Accumulibacter phosphatis was sequenced in sludges from enhanced biological phosphorus removal reactors 30 . one could argue that these are special cases, because a single species has to perform many metabolic roles that would be shared among many different species in high-diversity environments. However, a strikingly similar pattern of inferred functions is found within metagenomic islands from high-diversity environments such as the open ocean (FIG. 1) .
We have systematically compared mGIs larger than 10 kb in all sequenced marine bacterial species to the marine metagenome and found that specific functional categories were highly over-represented in mGIs (Supplementary information S1,S2 ( figure,  table) ). remarkably, all mGIs in the species that we studied contain genes encoding products that are exposed extracellularly (FIG. 1) . Paramount among them was the variable o chain of the lipopolysaccharide (lPS), which has long been known to be highly variable and a target for phage receptors (for example, see REF. 31 ). Serotyping and phage typing are usually linked to changes in the o antigen that are determined by this gene cluster 32 . In pathogens, this variability has often been explained as a strategy to evade host immunity, but in free-living microbes other explanations are required.
Next most frequent were exopolysaccharide biosynthesis clusters and genes involved in sugar modifications of extracellular structures. Pili and flagellar components (particularly their extracellular components) were also found. recently, an island was found that contains an alternative set of external flagellar proteins 33 . mGIs also frequently encode giant proteins that are probably extracellular 34 . All of those genes are potential phage recognition sites, suggesting a role in phage avoidance. When the functional classifications of genes encoded in mGIs are compared with the classifications found in the genome, the genes encoding potential phage recognition sites are heavily overrepresented, as are genes involved in nutrient transport and environmental sensing (Supplementary information S3 (figure) ). Thus, we conclude that, overall, the phageinteracting genes are often strain specific, and when they are shared between strains they tend to be more highly divergent.
Phages depend heavily on proper selection of the target cell, and for that they rely on a prominent structure for target recognition 35, 36 ; preventing this recognition is therefore the first line of defence for bacteria. It is important to note that the high divergence in potential phage recognition sites is found even in extremely compact genomes, such as that of Candidatus Pelagibacter ubique (FIG. 1) , which has the smallest sequenced genome among marine prokaryotes. Despite its compact genome, the mGIs in the three available strains of Candidatus Pelagibacter ubique contain surface features (FIG. 1a) and transport and sensing genes. Thus, the presence of potential phage targets in the strainspecific areas of the genome is a pervasive phenomenon in the open ocean, suggesting that this feature may apply to other freeliving prokaryotic microbes that are subject to phage predation pressure. The second line of phage defence is intracellular. our mGI data show numerous examples of these types of signature, such as restriction-modification systems and the clustered, regularly interspaced short palindromic repeats (CRISPR) (Supplementary information S2 (table)) that are involved in phage interference [37] [38] [39] . However, they are probably involved in infection efficiency, providing a fine-tuning that would reinforce the primary control that is exerted by the receptor diversity.
CD dynamics
The CD dynamics model aims to explain microbial diversity in ecosystems in which bacterial populations can interact with each other; that is, the populations must compete with each other, and phage particles must have a similar chance of infecting any cell within the community. let us consider an idealized aquatic habitat
Glossary

CRISPR
A widespread genetic system in bacteria and archaea that consists of multiple copies of palindromic repeats flanking short spacers of phage origin, which are believed to provide acquired resistance against viral infection.
Kill-the-winner dynamics
A model for the population dynamics of phage-bacteria interactions that postulates that an increase in a host population (the winner) is followed by an increase in its corresponding phage predator, resulting in an increase in the rate at which the winner is killed. It is analogous to classical Lotka-Volterra dynamics to explain predator-prey population dynamics.
Metagenome
The total genetic repertoire that exists in cells and viruses from a given environment. Metagenomes are often classified according to the predominant group of microorganisms that contribute to a sequence library, for example, viruses or bacteria.
Metagenomic island
A genomic region found in a bacterial genome that is absent or present at low frequency in the DNA pool of all microbes in the native environment of that bacterium.
Pan-genome
The total gene pool of a bacterial or archaeal taxon, a pan-genome is formed by the addition of all genes found in the different strains from a given species (species pan-genome) or from an ecologically distinct population (ecotype pan-genome). where organic nutrients are dissolved and in which a single prokaryotic population is present. A large diversity of phage sensitivity types is required to avoid catastrophic lysis of the population. Phage receptor types are each recognized by a different phage lineage. The phage receptor types differ in the gene clusters that control the synthesis of complex surface components such as the o chain or the pili, which are exposed extracellularly and are targets for phage recognition, analogous to a lock-and-key system. Periodic selection occurs when a new adaptive mutant (or recombinant) arises in the population and natural selection causes the mutant and its nearly clonal descendants to replace all competing variants in the population 16 . However, we predict that the increase in number of that fitter lineage would alter the predator-prey equilibrium, and the number of phages that target the receptor encoded by this lineage would also increase (FIG. 2a) . This would select against the invasive clone, which would eventually be replaced by the original 'normal fitness' lineages. In this way, a constant high level of diversity of lineages would be maintained steadily.
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Interestingly, the role of phage predation modifies the classical 'survival of the fittest' axiom such that metabolically superior microorganisms that are better adapted to a physical environment are selected against by the biological pressure that is imposed by density-dependent phage predation. These kill-the-winner dynamics have already been proposed for different species of marine bacteria 21, 22 , but here we propose that this process is responsible for maintaining diversity among closely related lineages. under CD dynamics, no dominant lineage is found in a population, and phage dynamics maintain many concurrent cell types that are selected against ecological success. This success will be influenced by factors such as growth rate or the efficient use of different substrates, and therefore a corollary of this model is that, throughout the history of these clonal lineages, each lineage will acquire different but complementary capabilities for niche exploitation. As a consequence, a more efficient exploitation of the resources by the community is expected, and a better functioning of the ecosystem will be achieved. For example, one prokaryotic clone cannot contain even a fraction of the transporters required to internalize the chemical diversity of the organic compounds that are contained in a single eukaryotic cell. However, an ensemble of lineages carrying different sets of transporters could exploit every single one of them. A relationship between biodiversity and ecosystem efficiency has been demonstrated in plant ecosystems 40 , and we predict that similar principles would apply for the biogeochemical cycles that are 24, 65 . MGIs that are related to extracellular components are marked following the colour pattern indicated in part a. Data were collected from http://camera.calit2.net/, with the exceptions of those for S. ruber DSM 13855 and H. walsbyi DSM 16790. A full description of the MGIs' contents from all species with fragments of high similarity over 80% of their reference genomes can be found in Supplementary information S2 (table) . LPS, lipopolysaccharide. Nature Reviews | Microbiology These lineages also differ in the set of receptors (R1-R5) to phages (P1-P5) that they carry. Each strain contains only one major phage receptor, which is determined by genes located in a metagenomic island. One lineage can gain an increase in fitness -through mutations in the genome, through the introduction of new DNA by horizontal gene transfer (HGT) or through an environmental change that favours one particular genotype -and replace the other lineages. a | Under constantdiversity dynamics, this situation can occur only transiently, because an increase in the frequency of cells carrying the specific phage receptor that hitchhikes with the gene or genes that increase niche range would unsettle the predator-prey equilibrium and select against the invasive clone; thus, that clone would eventually be replaced by the original 'normal fitness' lineages. Kill-the-winner dynamics therefore give rise to a constant high diversity of lineages that would be maintained steadily. It is predicted that this equilibrium allows a more efficient exploitation of the resources by the community, leading to a more efficient ecosystem. b | The periodic-selection model predicts that lineages with higher fitness would expand and replace other cell types, giving rise to a clonal sweep. The process would be repeated after advantageous mutations or when environmental changes increase the fitness of a given strain, decreasing diversity. Ecosystem efficiency is also expected to be reduced, as the lineages exploiting substrates of low availability would severely decline. controlled by microbial communities, in such a way that ecosystem functioning would be more efficient and stable under high-diversity situations than under periodic clonal sweeps, as the latter would cause fluctuations in nutrient and mineral recycling (FIG. 2b) .
Computer simulations of bacterial strain replacement in the presence and absence of phages show that viral predation affects biodiversity (FIG. 3) . In the absence of phages, microbial density for each lineage is dependent on the availability of the substrates and the efficiency of nutrient use. Thus, the lineage that uses the most abundant substrate at a given time is the most abundant (FIG. 3c) . If an environmental change (for example, a variation in the concentration of nutrients) or a mutation (for example, one that changes the efficiency of nutrient use) occurs, the fitter lineage will be favoured, generating a clonal sweep. As a consequence, the diversity of the population will be low (FIG. 3b) , as the better-adapted strain dominates over other strains that have a smaller representation in the consortium. In the presence of phages, however, a more successful lineage that uses the most abundant nutrient or that can metabolize more than one substrate will be preferentially attacked by phages, because phage-host interactions are density dependent 21 . In this way, the fitter bacterial strains are selected against, so the density of the different bacterial lineages fluctuates around stable levels (FIG. 3d) . Therefore, bacterial diversity remains high, with all lineages present at similar levels regardless of the availability of the substrates that they use (FIG. 3c) . The immediate consequence of this fine-tuning to different substrates would be the expansion of the gene pool in the population. Thus, contrary to what would be expected by clonal replacements, CD dynamics would predict a large pan-genome within populations
.
Another interesting feature revealed by these simplified simulations relates to ecosystem functioning. In the presence of phage predation pressure and environmental changes, the lineage that feeds on the most abundant substrate (or that uses more than one substrate efficiently) undergoes substantial fluctuations in density. (FIG. 3d) By contrast, lineages using the least-abundant substrates show constant densities through time, undergoing only slight variations. Because the amount of density fluctuation is directly related to the probability of extinction, selection will favour less fit cells that use single, low-concentration substrates. This paradoxical selection against the fitter cells will give rise to lineages that feed on all accessible substrates, regardless of their availability. As a consequence, the ecosystem is expected to be more efficient. This high efficiency in substrate use at the ecosystem level will be sustained by the use of all available metabolites and minerals and by the presence of a high diversity, which is known to promote efficient ecosystem functioning 40, 41 . Note that a high bacterial diversity cannot be the consequence of the availability of different resources alone: it is only in the presence of phages that all cell types reach a similar average density regardless of the substrate that they use; in the absence of phage predation, the exploitation of less favoured niches is selected against. (s1-s6) . a | Each species optimally uses one specific substrate, the availability of which varies over time. b | In the absence of phages, microbial density is directly related to the availability of the substrates and the efficiency of nutrient use. c | After an environmental change (for example, a variation in nutrient concentration) or a mutation (for example, a gene transfer that improves nutrient utilization efficiency), the fitter lineage is favoured, generating a clonal sweep. As a consequence, the diversity of the system, as measured by the Shannon index, drops. d | In the presence of bacteriophages, the lineage of higher metabolic fitness is preferentially attacked by viruses, assuming density-dependent phage-host interactions. This type of kill-the-winner dynamics selects against the fitter bacterial strains, so the density of the different bacterial lineages fluctuates slightly (note the differences in scale) around stable levels, and bacterial diversity remains high, with all lineages present at similar values regardless of substrate availability. The model is a coupled set of differential equations and is composed of six pairs of equations, which are repeated for each of the six substrates. There is no direct interaction between different strains of viruses, and the interaction between strains of microbes comes in the form of a common carrying capacity for the whole system. We have considered a simplified case in which one phage infects one cell type; however, it must be noted that several experiments indicate that host-virus interactions in natural systems are more complex, with each phage infecting different bacterial strains with different efficiencies 50, 66 (in other words, the binding probability between bacteriophages and cells is graded 67 ). For the sake of simplicity, the decay rate was assumed to be the same for all of the viruses. The same was true for the mass-action constant and the burst size. This model was programmed in MATLAB (The MathWorks) and the code is available upon request.
Dunaliella salina
Periodic selection
Constant diversity (TABLE 1) . under PS, a dominant cell type would be expected to arise, and this dominant lineage would change periodically. Conversely, under CD dynamics, phages would keep dominant lineages in check, and therefore many coexisting cell types would be found at any one time. In addition, PS predicts that genomic variability among ecotypes is driven by niche exploitation, whereas CD predicts that it is driven by phage avoidance (TABLE 1) .
What is the evidence for each of these models? The coexistence of multiple closely related strains is a commonly observed phenomenon in microbial communities and is apparent from studies of cultured isolates 42 , marker gene surveys 43 and metagenomic data 27, 44 (the ecological diversity of close relatives is discussed in REFS 15, 45) . In addition, mathematical modelling of bacterial dynamics in the presence of phages indicates that a dramatically high number of strains is expected, as indicated by metagenomic data
. Although many strains have indeed been observed in free-living ecosystems, the maintenance of this high diversity through time remains to be explained.
The initial evidence for antagonistic dynamics between phages and bacteria came from mathematical modelling, as well as experimental studies 21, 22, 46, 47 . recently, work on marine samples has shown that phages influence their bacterial hosts in a density-dependent manner, mainly infecting a reduced number of phylotypes at any one time 48 , as predicted by kill-the-winner dynamics. Similar results have been found in the horse gut, in a study of the relationship between coliphages and Escherichia coli strains 49 . In addition, detailed studies on marine flavobacteria have shown the degree of phage susceptibility in different cell types in the same environment, drawing a complex picture of phage-cell interactions 50 . recent data on the temporal variation in phage and bacterial diversity also show oscillations that are consistent with a constant control of abundant genotypes by their m.-C., A. mira-obrador, J. Nulton, l.P., S. rayhawk, J. rodriguezmueller, F.r.-v, P. Salamon, S. Srinagesh, T.F.T., T. Tran, r. vega Thurber and F.r., unpublished observations): dominant genotypes are not found over time, and there is a dynamic equilibrium of functionally redundant microbial and viral strains that continuously replace each other in a killthe-winner manner, thereby maintaining a stable metabolic potential and taxonomical signal. In terms of resource use, there is no experimental evidence to show that some bacterial cells in a population are more generalist or have superior fitness. Furthermore, mathematical modelling indicates that evolution of microbial systems does not lead to decreased biodiversity by the expansion of a variant that is ecologically superior 51 . on the contrary, it has been shown that some coexisting strains differentially specialize in micro-niches, thanks to their different gene content by, for example, using different sets of organic compounds heterotrophically 27 or exploiting different types of particulate matter 33 . This supports the idea that selection favours resource diversification rather than a dominant genotype that can use multiple substrates. It would nevertheless be interesting to measure experimentally the individual fitness of different bacterial strains isolated from a natural habitat to determine whether fitter variants are selected against in environments under phage pressure.
Box 1 | Constant diversity and the pan-genome
The gene pool of bacterial and archaeal species can be extremely large. Different lineages contain different genomes, enormously increasing the metabolic and ecological capabilities of one bacterial species. As such, bacterial species are more appropriately described nowadays by their 'pan-genome' (REFS 7,60), including a core genome, which contains genes that are present in all strains (the essence of this natural unit 61 ), and an accessory genome, which consists of partially shared and strain-specific genes. The accessory (or adaptive) genome includes key genes that are required to survive under a specific lifestyle that is characteristic of the strain 62 . Ecotypes have been claimed to have the quintessential properties of species 15 . One key question concerns whether the pan-genome reflects the diversity of ecotypes in one species or whether ecotypes reflect real bacterial species and have a large pan-genome. Although individual ecotypes cannot be separated experimentally, simple environments can serve as a starting point to test whether there is a pan-genome structure in such ecotypes. One such environment is the saturated brine that is dominated by a single archaeon species (Haloquadratum walsbyi) (see the figure) . In this extremely simplified and homogeneous ecosystem, the archaeon degrades the organic matter produced by the green algae Dunaliella salina and forms a coherent and distinct ecological unit that must approximate an ecotype (see the figure) . When the metagenome of 5 litres of water from this single-species ecosystem was sequenced, a surprisingly large gene pool was found, and the inferred pan-genome was twice the size of the sequenced isolate 24 . A large portion of this pan-genome structure was composed of genes related to environmental sensing and nutrient transport 27 . This is consistent with the idea that a genomically diverse ecotype is needed to efficiently degrade all the organic matter, as the number of required metabolic and transport genes far exceeds those that can be packaged within a single genome. If periodic selection occurs, then the pan-genome of one ecotype would be narrow. Thus, single-species metagenomics supports the idea that a high diversity (or a large pan-genome) exists even within limited spatial and temporal frames and supports the model that constant-diversity dynamics is predominant over periodic-selection dynamics in homogeneous aquatic environments.
other predictions are more difficult to evaluate with the available data. Ecosystem functioning, for example, has been thoroughly studied in terrestrial ecosystems, in which a high biodiversity has been related to efficiency of resource use 40, 41 . This information is still limited for microbial ecosystems, but the data also relate microbial diversity to ecosystem efficiency and stability 52 . It would be interesting to quantify the efficiency and stability of ecosystem functioning in natural conditions and in the laboratory, where both bacterial diversity and the presence of phages can be manipulated in microcosm experiments 53, 54 . We would predict that the presence of bacteriophages would promote resource specialization in their bacterial hosts, regardless of the respective availability of substrates, facilitating efficient nutrient recycling and system stability.
The CD dynamics counter-intuitively predicts that the strain of highest fitness would be selected against and that phage predation would select for cell types of lower fitness that use any substrate regardless of its availability (FIG. 3) . By keeping a low profile in the population, the cells would be part of a selection unit that is formed by bacterial strains of suboptimal but nearly equal fitness, the predation risk for which is shared equally among the strains. Thus, the fitness concept under PS dynamics is dependent on the efficiency with which a resource is used, but the evolutionary success of a strain under CD dynamics is dependent on the fitness of the other strains that co-inhabit the environment and is therefore a relative concept. This is analogous to the outcome of game theory models for optimal market strategies: there is no optimal economic strategy per se; instead, the best market tactic depends on what the competitors are doing. This thinking has been successfully applied to evolutionary theory, giving rise to models that conclude that, once an optimal proportion of strategies is achieved in a population, those proportions are in equilibrium over time 55 . We believe that these evolutionarily stable strategies best define the situation in bacterial populations in the presence of phages, because under those conditions the fitness of bacteria would be lowered to an equilibrium point in which demographic success would be approximately equal among cell types. Any strain that increased its resource use evolutionarily would be quickly eliminated by phage predation, and an evolutionarily stable strategy would necessarily imply that growth rates would be adjusted to those of the rest of the population, unless the cell is immune to phage attack for some reason. The idea does not go against natural selection, but it does require that bacterial fitness is defined to include ecological aspects such as predation avoidance 17 .
Microbial evolution under phage pressure under which circumstances should we therefore expect PS or CD to predominate? The influence of phage predation on bacterial diversity requires that bacterial populations interact with each other; therefore, hostassociated niches can act as physical barriers that prevent direct cell competition and phage dispersal. Thus, pathogens are not expected to follow CD dynamics unless they become very numerous and persist in a host for a long time. CD dynamics are also not expected to occur in physically constrained microbial communities such as biofilms, in which populations cannot interact with each other or invade other niches, apart from their role in constraining phage attack and dispersal. By definition, CD dynamics require the presence of phages and are therefore expected to be less common in specific environments with limited viral presence or efficiency. Accordingly, large mGIs are not observed in biofilms, as work carried out in the acid mine drainage system shows 56 . Thus, although the presence of CD patterns mediated by phage predation is pervasive in natural environments that are inhabited by competing, free-living cells, the two types of population dynamics are not mutually exclusive, and PS selection is still expected to occur in circumstances of low predation pressure (for example, intracellular environments), physically constrained cells (for example, biofilms) or physically isolated environments that are subject to founder effects (for example, animal hosts).
The CD dynamics presented here may shed some light on different aspects of microbial evolution. one of them is the function of giant proteins, which are overrepresented in mGIs and could therefore be involved in host-phage interactions. In addition, if predation pressure is so intense, we would predict that genes that provide phage resistance would be among the fastest evolving in free-living species in order to counteract the fast phage adaptability 57 , giving rise to an evolutionary arms race 35 analogous to that which occurs between the immune system and surface antigens of bacterial pathogens. Another aspect that should be explored is the potential role of phages in defining the limits of bacterial populations or ecotypes. In this sense, phage infection may provide a link between the evolutionary process of generating diversity and the mechanistic explanation for it, which indicates that lack of recombination is responsible for population genetic divergence 58 . The phages themselves could facilitate homogenization of sequences by Gaps between species arise from rare genotypes with a higher probability of phage infection recombination, by providing a constant flux of homologous sequences among the population that is co-infected by the same phage type. With the sequencing of viral metagenomes 59 , our understanding of the diversity and specificity of phages will be improved, and mathematical modelling of the virus-bacteria interactions should become possible under realistic assumptions. In addition, experimental evolution studies in the presence and absence of phages 17 and further genomic characterization of natural environments with different phage pressures should confirm whether the PS and CD dynamics complement each other and may explain the generation of intraspecies microbial diversity under different ecological circumstances.
It has been proposed that the richness of heterotrophic prokaryotes in the photic zone of pelagic environments is regulated by lytic viruses 21 . A density-dependent loss mechanism such as this would be expected to act selectively on host populations that reach a sufficient size. By preventing the population from sequestering all of the limiting resources and filling up the total community size (typically 3 × 10 5 cells ml -1 to 3 × 10 6 cells ml -1 ), viral lysis will leave room for other, potentially less competitive, host populations to fill in the remaining part of the prokaryote community. The richness that such a mechanism can produce is the ratio between the size of the total community and the average size of the host populations. Assuming a steady state, the balance between production and loss of viruses of type i is given by equation 1: m i , β i and δ i are the burst size, the effective adsorption constant and the specific decay rate, respectively, for the host-virus pair B i ,V i . The "-1" reflects the loss of one virus at infection. ). This is expected to be a high value because, among other factors, the defence mechanisms in the host could lower the effective value.
Combining this with, for natural systems, a high burst size of 100 viruses released per lysis and a slow decay rate of 1 per week, equation 2 gives a result of around 400 cells ml -1 as a low estimate for the host abundance that can sustain a population of free lytic viruses. For a community size of 10 6 ml -1
, viral lysis can therefore be argued to allow a richness of around 2,500 different hosts. Host groups in the sense used in this model could well be indistinguishable by methods such as 16S ribosomal RNA sequencing. . The regulation of QS involves the production of an autoinducer and an increase in its concentration, expression of RNAIII and the subsequent regulation of QS genes. S. aureus produces an autoinducing peptide (AIP) that accumulates extracellularly and activates the TCRS. The TCRS involves signal recognition by a histidine kinase (AgrC) (1), followed by histidine phosphorylation (2) and phosphotransfer to a response regulator (AgrA) (3), which then binds to the RNAIII transcript that encodes a small RNA that functions to modulate gene expression of S. aureus genes (4).
